The interaction of the mouse c-kit receptor, designated Kit receptor, and steel factor promotes the proliferation and differentiation of hematopoletic progenitor cells.
mouse Kit receptor were established. Five percent to 10% of total bone marrow cells expressed the Kit receptor, and half of them lack the expression of lineage markers. The Kit receptor was expressed on 7040% ofThy-1.1b Lin-Sca-1+ cells, which express Thy-1.1 antigen at a low level and constitute O0.05% of adult bone marrow and fetal liver; by previous studies, these cells have been shown to be highly enriched for multipotent hematopoific stem cells (HSCs) and are the only hematopoietic cell subset with this activity. Spleen colony formation and iong-term multilineage reconstitution activities were contained in the Kit+ but not in the Kit-subpopulations of Thy-i& Lin- Sca-1+ cells from adult bone marrow, sugsng that the Kit receptor is expressed on HSCs from the earliest stage-4.e., pluripotent HSCs. The role of steel factor in the development and self-renewal of HSCs was tested with Si/Si homozygote fetuses, which lack genes to encode functional steel factor. They were shown to have 30-40% of the number of HSCs on days 13-15 when compared with normal littermates. However, the absolute number of HSCs increased during fetal development in the Si/SI mice. The results suggest that the Kit receptorsteel factor interaction may not be essential for the inittion of hematopoiesis and the self-renewal of (at least) fetal ,HSCs.
Hematopoietic stem cells (HSCs) play an essential role in hematopoiesis. It is generally accepted that HSCs have two major characteristics: the capacity for self-renewal and the capability to differentiate into all lineages ofhematolymphoid cells. However, the process by which this occurs is not yet well understood. HSCs have been enriched from adult bone marrow (1) (2) (3) and fetal liver (4) . By combination of (i) Thy-1 antigen expression at low levels (Thy-110), (ii) the absence or low expression of lineage markers [TER-119 (erythroid), B220 (B cell), Mac-i (monocyte), Gr-1 (granulocyte), CD4, and CD8 (T cell) (Lin-)], and (iii) Sca-i expression (Sca-l+), Thy-1.1i" Lin-Sca-l+ cells were isolated from adult bone marrow and fetal liver and shown to be highly enriched for multipotent HSCs (5, 6 ). This population was also shown to be capable oflong-term multilineage reconstitution oflethally irradiated mice (5, 7) .
Mutations at the steel (S) or the dominant spotting (W) loci give rise to a similar set of defects in mice. These are characterized by a lack of pigmentation and gametogenesis and a reduction in hematopoietic activity that leads to anemia and a deficiency of mast cells (8) . It has been shown that the wild-type SI gene encodes a growth factor protein (9) (10) (11) (12) (13) (14) (15) (16) . The W locus encodes a tyrosine kinase family protooncogene, mouse c-kit designated Kit, which functions as a cell surface receptor (17) (18) (19) (20) ; this receptor can bind the steel factor (SIF) (9, 14, 15) . SIF shows strong synergistic actions with other growth factors. SIF has profound effects on the erythroid lineage in costimulation assays with erythropoietin (12, 13) . It has been also reported that SIF acts as the most potent comitogen yet tested on HSCs, especially in combination with interleukins 3, 6, or 1 (IL-3, IL-6, or IL-1) (21, 22) . However, it is still unknown whether SIF is a self-renewal factor for HSCs (22 Preparation of antibodies, cell-surface staining, and fluorescence-activated cell sorting analysis were carried out as described (6) .
Enrichment of HSCs. Adult bone marrow cells of C57BL/ Ka-Thy-1.1 mice were stained with fluorescein isothiocyanate (FITC)-conjugated anti-CD3 (145-2C11) and a mixture of lineage markers (TER-119, anti-B220, anti-Mac-1, anti-Gr-1, anti-CD4, anti-CD8, and anti-Ly-1 antibodies), followed by phycoerythrin-conjugated goat anti-rat IgG (5, 6). CD3+ cells were negatively selected by magnetic separation with paramagnetic beads coupled to sheep antibodies to fluorescein. The remaining CD3-cells were stained with FITC-anti-Thy-1.1, and Thy-1+ cells were enriched with paramagnetic beads. The cells were incubated with normal rat serum and stained with biotin-conjugated anti-Sca-1 antibody, followed by Texas red-conjugated avidin and allophycocyaninconjugated anti-Kit (2B8) antibody.
Day 14 fetal liver cells of C57BL/Ka-Thy-1.1 mice were stained with TER-119 antibody. The cells were washed and incubated with paramagnetic beads coupled to sheep antibodies to rat IgG (Dynal, Great Neck, NY) at a cell-to-beads ratio of 1-4 for 30 min at 4°C. The labeled TER' cells were removed by magnetic separation and discarded. The negatively selected cells were incubated with beads, and the TER' cells were removed again. The remaining cells were stained with a mixture of antibodies to lineage markers (TER-119, anti-B220, anti-Mac-1, anti-Gr-1, anti-CD4, and anti-CD8), followed by phycoerythrin-conjugated goat antirat IgG. The cells were incubated with normal rat serum and stained with biotin-anti-Sca-1 and FITC-anti-Thy-1.1 antibodies, followed by Texas red-avidin and allophycocyaninanti-Kit (2B8) antibody.
Spleen Colony Assay. The spleen colony assay was performed as described (6, 27) . Spleen colonies were counted 8 or 12 days after injection.
Long-Term Multilineage Reconstitution. Thy-11°Lin-Sca-1+ Kit' or Kit-cells were isolated from C57BL/KaThy-1.1 mice. Limiting numbers of cells were injected into lethally irradiated C57BL/6J-Ly-5.1-Pep3b mice together with 2 x 105 unirradiated syngeneic host bone marrow cells. After 10 or 15 weeks, =0.5 ml of peripheral blood was collected into 0.5 ml of phosphate-buffered saline (PBS) containing 3 mg of EDTA (pH 7.2) per ml. The sample was added with 0.5 ml of 2% Dextran T500 in PBS and incubated for 30 min at 37°C to let erythrocytes clump and settle. The clear upper layer was removed and centrifuged, and the cell pellet was treated with hypotonic shock. The isolated peripheral blood leukocytes were stained with either anti-Mac-i plus anti-Gr-1, anti-B220, or FITC-anti-Thy-1.1 plus FITCanti-Thy-1.2 antibodies, followed by FITC-goat-anti-rat IgG (in cases of anti-Mac-i plus anti-Gr-1, and anti-B220), biotinanti-Ly-5.2 antibody, and Texas red-avidin. The mice in which the Ly-5.2+ Lin' (Mac-l/Gr-l+, B220+ (28) .
The DNA was amplified for 40 cycles by PCR (6) . The SIF primers (5'-primer, 5'-TCTCCGAAGAGGCCAGAAAC-3'; 3'-primer, 5'-CTCGGGACCTAATGTTGAAG-3') do not span introns (13) . The (25) . By cell surface staining, 2B8 and 3C1 antibodies showed differential staining between +/? and WIW mast cells (Fig. 1) . Both 2B8 and 3C1 antibodies immunoprecipitated cell surface molecules with molecular weights of -150 kDa (data not shown), consistent with the results reported previously (29 (Fig. 2) . The cells expressing Kit made up about 5-1o ofbone marrow cells. About half of them lacked expression of the lineage markers; the rest of them expressed the lineage markers at low levels (especially the Gr-1 marker). These results are consistent with results reported previously (30) . Next, the expression of Sca-1 and Kit on Thy-1.110 Lin-cells was analyzed (Fig. 3) . Nineteen percent of Thy-1+-enriched cells were Lin- (Fig. 3A Left) . When only Lincells were analyzed, 77% of the cells were Thy-1-. The Thy-i-Lin-population was divided into either Kit' (35%) or Kit-(42%) subpopulations. The Thy-1i0 Lin-population (15.1%) was further divisible into three major subpopulations, Kit' (53%), Sca-1' Kit-(8.7%), and Sca-1-Kit-(38%) (Fig. 3B Left) . The Kit' cells were further divided into Sca-1' (31%) and Sca-1-(22%) subpopulations, although it could be argued that Sca-1 staining is unimodal rather than bimodal. To compare Kit expression on candidate HSCs between fetal and adult, Thy-1i0 Lin-cells in day 14 fetal liver were also analyzed (Fig. 3B Right) . Although the pattern of Kit and Sca-i expression on Thy-1.110 Lin-cells from day 14 fetal liver was basically similar to that of adult bone marrow, Kit' cells were concentrated more on the Sca-1i°side of the Sca-l/Sca-l-border than that found in adult bone marrow.
Stem Cell Activities of Kit-Defined Thy-110 Lin-Sca-1+ Subpopulations. Thy-1i" Lin-Sca-l' cells from both fetal and adult mice contained highly enriched day 12 colony-forming units in the spleen (CFU-S) (5, 6), a measure of primitive myeloerythroid progenitors. The CFU-S in the subpopulations of Thy-1.11' Lin-cells in adult bone marrow were analyzed ( Table 1 ). The Sca-l' Kit' cells gave rise to These results suggest that the Kit+ subset of both Thy-1i0
Lin-Sca-l' and Thy-1i0 Lin-Sca-1-cells is highly enriched for clonogenic myeloerythroid progenitor activity.
It has been shown that Thy-1i°Lin-Sca-l+ cells contain HSCs with long-term multilineage reconstitution activity but that Thy-1i" Lin-Sca-1-cells do not (5, 7) . To check whether HSCs express Kit or not, the Kit' and Kit-subpopulations of Thy-1"0 Lin-Sca-1+ cells were tested for their long-term reconstitution activity in an assay where they were not required for radioprotection ( shown thatSIF has profound effects on hematopoietic progenitor cells in combination with other growth factors (13, 16, 22) . In our handsSIF is a potent comitogen for Thy-11' Lin- Proc. NatL Acad Sci. USA 89 (1992) The ratio of the number in SI/SI to that in +/? fetal liver is also shown. ND, not done.
lished data) rather than HSC self-renewal and/or commitment to the lymphoid lineages. In that view, it is possible that HSCs may be acted on not only by SIF but also by one or more self-renewal factors, perhaps more tissue-specific in their expression. It will be important to define (i) whether SIF, either in soluble or membrane-bound form, alone or in combination with other factors, can in any circumstances lead to the generation and self-renewal of HSCs; and (ii) what microenvironmental factors exist that cause the appearance and generation of large numbers of HSCs in the mouse fetus.
